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Secondary lymphoid organ stromal cells comprise
different subsets whose origins remain unknown.
Herein, we exploit a genetic lineage-tracing ap-
proach to show that splenic fibroblastic reticular
cells (FRCs), follicular dendritic cells (FDCs), mar-
ginal reticular cells (MRCs), and mural cells, but not
endothelial cells, originate from embryonic mesen-
chymal progenitors of the Nkx2-5+Islet1+ lineage.
This lineage include embryonic mesenchymal cells
with lymphoid tissue organizer (LTo) activity capable
also of supporting ectopic lymphoid-like structures
and a subset of resident spleen stromal cells that
proliferate and regenerate the splenic stromal micro-
environment following resolution of a viral infection.
These findings identify progenitor cells that generate
stromal diversity in spleen development and repair
and suggest the existence of multipotent stromal
progenitors in the adult spleen with regenerative
capacity.
INTRODUCTION
Althoughmuch is known about the immunological function of the
spleen, knowledge of the mechanisms governing the develop-
ment and organization of its stromal microenvironment is still
rudimentary. During mouse development, specification of
splenic mesenchymal cells occurs at embryonic day (E) 10–
10.5 within the dorsal splenopancreatic mesenchyme (SPM)
and relies on the expression of a limited set of homeodomain
transcription-factor-encoding genes (Brendolan et al., 2007;
Dear et al., 1995; Hecksher-Sørensen et al., 2004). Among these,
Nkx2-5 marks newly specified splenic progenitors in the SPM
and in the splenic primordium thereafter (Brendolan et al.,
2005; Burn et al., 2008), and its requirement for spleen develop-782 Immunity 38, 782–791, April 18, 2013 ª2013 Elsevier Inc.ment has been recently demonstrated (Koss et al., 2012). The
transcription factor Islet1 is also expressed in the dorsal pancre-
atic mesenchyme, and its loss-of-function allele in mice causes
agenesis of the dorsal pancreatic mesenchyme (Ahlgren et al.,
1997). However, its role in spleen development has not been
elucidated because Islet1 mutants die in utero prior to initiation
of spleen development (Ahlgren et al., 1997). Of note, ablation
of the dorsal pancreatic mesenchyme at E10.5 with diphtheria
toxin was recently shown to cause agenesis of both the
pancreas and spleen in mice (Landsman et al., 2011), thus
demonstrating the requirement for mesenchymal cells of the
SPM in spleen organogenesis.
Once specified, splenic mesenchymal cells expand within the
dorsal mesogastrium to form the splenic anlage (Brendolan
et al., 2007). At midgestation, spleen mesenchymal cells include
lymphoid tissue organizer (LTo) cells that are thought to be pre-
cursors for adult secondary lymphoid organ stromal cells
(Katakai et al., 2008; Koning and Mebius, 2012; Mueller and
Germain, 2009; Vondenhoff et al., 2008). Whether splenic LTo
cells are capable of organizing the formation of lymphoid com-
partments and generating the different stromal cell subsets re-
mains unknown. Mature stromal cells have been described
based on their anatomical location and the expression of homeo-
static chemokines such as CCL19, CCL21, and CXCL13, and
they include gp38+ fibroblastic reticular cells (FRCs) (Link et al.,
2007; Onder et al., 2011) of the T cell area, CD35+ follicular den-
dritic cells (FDCs) (Allen and Cyster, 2008; Cyster et al., 2000) of
the B cell area, MAdCAM1+ marginal reticular cells (MRCs)
(Katakai et al., 2008; Mebius and Kraal, 2005) of the marginal
zone, and endothelial and perivascular cells (Lax et al., 2007;
Mueller and Germain, 2009). At present, the paucity of markers
for lineage-tracing analysis has limited our understanding of
the origin and lineage restriction of both LTo and adult stromal
cells. FRCs and MRCs have been proposed to derive from LTo
cells (Be´ne´zech et al., 2010; Koning andMebius, 2012), although
their embryonic precursors have not been identified yet. FRCs
can also arise in the adult spleen subsequent to pathological
conditions, as illustrated by experiments in which mice were
Figure 1. Coexpression of Nkx2-5 and Islet1 in SpleenMesenchymal
Progenitors
(A) Representative confocal images of dorsal splenopancreatic mesenchyme
(SPM) at E10.5 and enlargement of the SMP. Expression of Islet1 (red) and
Nkx2-5 (green) in newly specified spleen mesenchymal cells positioned on the
left-lateral side of the dorsal pancreas (DP, middle panel) is shown.
(B) Representative confocal images of the developing spleen (SP) at E13.5 and
enlargements of the splenic anlage. Expression of Islet1 (red) and Nkx2-5
(green) in mesenchymal cells of the splenic anlage adjacent to the stomach
(ST) is shown. Nuclei are visualized by DAPI staining (blue). Scale bars
represent 100 mm for low and 35 mm for high magnifications. Data are repre-
sentative of three embryos analyzed. See also Figure S1.
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Nkx2-5+Islet1+ Progenitors for Spleen Stromal Cellsinfected with the lymphocytic choriomeningitis virus (LCMV)
(Mueller et al., 2007; Scandella et al., 2008). These experiments
indicate that FRC-infected cells, once destroyed by the LCMV-
specific adaptive immune response, are replaced by stromal
cells of unknown origin (Mueller et al., 2007; Scandella et al.,
2008). CXCL13-expressing FDCs are the major stromal cell
type of the B cell follicle for which a mesenchymal origin has
been proposed (Cyster et al., 2000; Krautler et al., 2012;Mabbott
et al., 2011; Mun˜oz-Ferna´ndez et al., 2006). Similar to FRCs and
MRCs, it remains unclear whether FDCs derive from embryonic
mesenchymal progenitors or whether they migrate to the sec-
ondary lymphoid organ (SLO) postnatally (Allen and Cyster,
2008;Mabbott et al., 2011;Mun˜oz-Ferna´ndez et al., 2006). Endo-
thelial and mural cells (smooth muscle cells and pericytes) (Lax
et al., 2007; Onder et al., 2011) of the spleen are also part of
the stromal network, however, similar to the other stromal cell
subsets their origin and lineage restriction are currently unknown.
Herein, we performed lineage-tracing analysis to assess the
developmental relationships between newly specified spleen
mesenchymal progenitors of the dorsal splenopancreatic
mesenchyme and the adult stromal cell pool. We show that
with the exception of PECAM-1+ endothelial cells, all spleen stro-
mal cells originated from embryonic mesenchymal precursors of
the Nkx2-5+Islet1+ lineage. Furthermore, we demonstrated that
mesenchymal cells included in this lineage organized the
lymphoid microenvironment and participated in regeneration of
the adult FRC-stromal network after resolution of an acute
LCMV infection. These findings reveal a previously unknown
mechanism for generating distinct subsets of spleen stromal
cells.
RESULTS
Coexpression of Nkx2-5 and Islet1 Is Confined to the
Newly Specified Spleen Mesenchymal Progenitors
Given that both Nkx2-5 and Islet1 are expressed at E10–10.5 in
the dorsal pancreatic mesenchyme (Ahlgren et al., 1997;
Hecksher-Sørensen et al., 2004) and that Nkx2-5 marks the
newly specified progenitors of the SPM (Brendolan et al., 2005;
Burn et al., 2008; Koss et al., 2012), we sought to test whether
Islet1 is also expressed in spleen mesenchymal progenitors.
Immunofluorescence analyses performed on transverse E10.5
mouse sections revealed colocalization of Nkx2-5 and Islet1 pro-
teins inmesenchymal cells of the SPM (Figure 1A). Coexpression
of Nkx2-5 and Islet1 was restricted to mesenchymal cells posi-
tioned on the left-lateral side of the dorsal pancreas (Figure 1A,
inset), where spleen progenitors are known to localize (Burn
et al., 2008; Hecksher-Sørensen et al., 2004). By E13.5, Islet1
protein was no longer detectable, yet Nkx2-5 remained ex-
pressed in mesenchymal cells of the splenic primordium (Fig-
ure 1B). These findings indicate that coexpression of Nkx2-5
and Islet1 is restricted to newly specified spleen mesenchymal
progenitors of the SPM.
The Nkx2-5+Islet1+ Lineage Generates FRCs, MRCs,
and FDCs
Colocalization of Nkx2-5 and Islet1 in the SPM raises the possi-
bility that these transcription factors mark an early mesenchymal
progenitor for adult spleen stromal cells, as they do for heart pro-genitors (Cai et al., 2003; Laugwitz et al., 2008; Moretti et al.,
2006). To follow the fate of Nkx2-5+ and Islet1+ embryonic
mesenchymal descendents, we crossed knockin Nkx2-5Cre/+
or Islet1Cre/+ mice (Stanley et al., 2002; Yang et al., 2006), in
which Cre expression is directed to the dorsal pancreatic
mesenchyme, to RosaYFP reporter mice (Srinivas et al., 2001)
that express yellow fluorescence protein (YFP) upon Cre-
mediated recombination. Under these conditions, YFP expres-
sion in Nkx2-5+ or Islet1+ descendents remains permanent and
independent of continuous Cre expression. In adult spleen,
Nkx2-5 YFP+ descendents showed a reticular pattern consistent
with a contribution to stromal cells, but not to CD45+ lymphoid
cells (see Figures S1A and S1B available online), whereas Islet1
contributed both to stromal and to some CD45+ lymphoid cells
(Figures S1C and S1D). Consistent with the loss of Islet1 protein
at early stages (E13.5) of spleen development (Figure 1) immuno-
fluorescence analysis performed on adult spleen revealed
expression of Islet1 in some CD45+ cells and rare CD45 cells
that were not Nkx2-5 YFP+ stromal cells (Figure S1E, arrows).
To better characterize Islet1 stromal contribution andminimize
the presence of Islet1 lymphoid descendents in the spleen, we
performed Cre recombinase-based fate mapping in lethally irra-
diated Islet1Cre/+;RosaYFP adult compound mice reconstituted
with wild-type (WT) bone marrow cells (Baje´noff et al., 2008).
Detection of YFP in the adult spleen of those mice would reveal
selective contribution of the Islet1+ lineage to radio-resistant
stromal cells. Animals were allowed to recover for 8 weeks to
ensure complete reconstitution of hematopoietic-derived cells
(Baje´noff et al., 2008). Notably, the density and distribution of
YFP+ stromal cells in the spleen of those mice were foundImmunity 38, 782–791, April 18, 2013 ª2013 Elsevier Inc. 783
Figure 2. The Nkx2-5+ and Islet1+ Lineages
Generate FRCs, MRCs, and FDCs
(A–C) Representative confocal images of Nkx2-
5Cre/+;RosaYFP and Islet1Cre/+;RosaYFP adult
spleen sections stained for YFP as a marker of
Nkx2-5 and Islet1 lineage-traced cells (green) in
the white pulp (WP) and gp38/Podoplanin and
ERTR7 (red in A) as markers for FRCs, MAdCAM-1
and CXCL13 (red in B) as markers for MRCs, and
CD35 and CXCL13 (red in C) as markers for FDCs.
Magnification areas are from insets. Nuclei are
visualized by DAPI staining (blue). Scale bars
represent 100 mm for low and 35 mm for high
magnifications. Data are representative of four
mice analyzed for each lineage.
(D) Quantification of FRCs, FDCs, and MRCs
derived-signals relative to lineage-traced cells.
Confocal images of adult Nkx2-5Cre/+;RosaYFP
and Islet1Cre/+;RosaYFP spleen sections stained
for YFP, desmin, and CXCL13. Values indicate the
percentage of FRCs (desmin+), MRCs (CXCL13+ in
marginal zone), and FDCs (CXCL13+ in B follicle)
derived-signals overlapping with YFP signal from
lineage-traced stromal cells. For quantification of
overlapping signals, eight high-power fields were
analyzed for each lineage, and data are repre-
sented as mean ± SEM. Scale bar represents
100 mm. See also Figure S2.
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Nkx2-5+Islet1+ Progenitors for Spleen Stromal Cellscomparable to those of nonirradiated and nontransplanted con-
trols, thus excluding that irradiation altered the pattern distribu-
tion of the stromal cell pool. Immunofluorescence analysis of
adult spleens from Nkx2-5Cre/+;RosaYFP mice or Islet1Cre/+;
RosaYFP chimeric mice revealed the presence of YFP+ reticular
cells in the white pulp. Assessment of gp38 and ERTR-7 expres-
sion and quantification of desmin+ cells coexpressing YFP
showed that the large majority of FRCs were YFP+, thus indi-784 Immunity 38, 782–791, April 18, 2013 ª2013 Elsevier Inc.cating a contribution of Nkx2-5+ or Islet1+
lineages to T cell zone stromal cells (Fig-
ure 2A, arrows; Figure 2D). FRCs also
form the splenic conduit system, a
network of collagenous channels en-
sheathed by fibroblasts (Nolte et al.,
2003). To visualize the conduit and deter-
mine the fibroblastic nature of YFP+ cells
in this area, adult Nkx2-5Cre/+;RosaYFP
mice were injected with fluorescently
labeled dextran (Baje´noff et al., 2006;
Nolte et al., 2003; Sixt et al., 2005). The
analysis revealed that YFP+ cells juxta-
posed the collagenous channels, thus
contributing to form the conduit system
(Figure S2). The presence of YFP+ cells
in the marginal zone (MZ) of adult Nkx2-
5Cre/+;RosaYFP mice and Islet1Cre/+;
RosaYFP chimeric mice prompted us to
analyze the expression of markers for
marginal reticular cells (MRCs) (i.e.,
MAdCAM-1 and CXCL13) (Katakai et al.,
2008). The distribution of YFP+ cells coex-
pressing MAdCAM-1 and CXCL13 andquantification of CXCL13+ cells expressing YFP in the MZ re-
vealed that, like FRCs, virtually all MRCs originate from the
Nkx2-5+Islet1+ lineage (Figure 2B, arrows; Figure 2D). Because
CXCL13+YFP+ cells were additionally observed in areas corre-
sponding to the B cell follicles, we assessed whether these cells
corresponded to FDCs. Staining YFP+ cells with the FDC-
specific markers CD35 and CXCL13 and quantification of
CXCL13+ FDCs expressing YFP revealed a large degree of
Figure 3. FRCs,MRCs, and FDCs Arise from
Embryonic Nkx2-5+Islet1+ Descendents
Representative confocal images of Nkx2-
5Cre/+;RosaYFP and Islet1Cre/+;RosaYFP embry-
onic (E16.5) spleens transplanted under the
kidney capsule of WT mice and stained for YFP
(green), gp38 (red in A), CXCL13 (red in B), and
CD35 (red in C) to show contribution of embryonic
lineage-traced cells to FRCs, MRCs (MZ indicates
the marginal zone), and FDCs. Arrows indicate
merge. Magnification areas are from insets. Nuclei
are visualized by DAPI staining (blue). Scale bars
represent 100 mm for low and 35 mm for high
magnifications. Data are representative of four
mice analyzed for each lineage.
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Nkx2-5+Islet1+ Progenitors for Spleen Stromal Cellscolocalization (Figure 2C, arrows; Figure 2D), suggesting that
FDCs arise from mesenchymal progenitors belonging to the
Nkx2-5+Islet1+ lineage.
To exclude the possibility that YFP+ FRCs, MRCs, and FDCs
derive from Nkx2-5+ or Islet1+ mesenchymal cells that have
migrated to the spleen postnatally, embryonic spleens (E16.5)
from Nkx2-5Cre/+;RosaYFP and Islet1Cre/+;RosaYFP fetuses
were transplanted under the kidney capsule of adult WT mice
that were subsequently immunized to promote FDC-network
formation (Schnizlein et al., 1985). Under these conditions,
T and B cell compartments displaying features similar to those
of the adult spleen are known to develop in about 4 weeks of
transplantation (Glanville et al., 2009). The finding that virtually
all gp38+ FRCs, CXCL13+ MRCs, and CD35+ FDCs in trans-
planted spleens were also YFP+ indicates that these stromal
cells derive from embryonic Nkx2-5+Islet1+ mesenchymal pre-
cursors (Figure 3).
The Nkx2-5+Islet1+ Lineage Generates Mural, but Not
Endothelial, Cells
The presence of YFP signal surrounding the central arteriole in
the T cell area (Figure 2A) prompted us to determine whether
Nkx2-5+ and Islet1+ lineages could generate endothelial cells
(expressing PECAM-1) and/or mural cells (expressing aSMA
and the neuronal/glial 2 proteoglycan [NG2] [Feng et al., 2011]).
Immunofluorescence analysis revealed that PECAM-1 did not
colocalize with YFP+ cells (Figure 4, arrowheads), indicating no
contribution of the Nkx2-5+ and Islet1+ lineages to endothelial
cells of the spleen white pulp. Conversely, YFP+ cells surround-
ing the central arteriole expressed aSMA and NG2 (Figure 4,
arrows), thus indicating a contribution of Nkx2-5+ and Islet1+
lineages to smooth muscle cells and pericytes.Immunity 38, 782–7Embryonic Nkx2-5+Islet1+
Descendents Include Cells with
Lymphoid Tissue Organizer Activity
The finding that Nkx2-5+Islet1+ lineage
gives rise to all stromal cell subsets
coupled with the notion that LTo cells
may represent the precursors of mature
stromal cells (Katakai et al., 2008; Koning
and Mebius, 2012; Vondenhoff et al.,
2008; Vondenhoff et al., 2009) suggests
that the embryonic Nkx2-5+Islet1+ line-age includes cells with organizer capacity. To test this hypoth-
esis, we first purified CD45YFP+ and CD45YFP mesen-
chymal cells from E18.5 Nkx2-5Cre/+;RosaYFP spleens and
performed qPCR analysis to assess the expression of markers
previously used to define the LTo cells (Vondenhoff et al.,
2008) (e.g., the receptor for lymphotoxin b [LTbR], the vascular
cell adhesion protein-1 [VCAM-1], and the chemokine
CXCL13). The analyses revealed that CD45YFP+ mesenchymal
cells expressed messenger RNA (mRNA) levels for LTbR,
ICAM-1, VCAM-1, CCL19, CXCL13, and interleukin-7 (IL-7)
that were substantially higher than those detected in
CD45YFP cells simultaneously purified, which, in contrast, ex-
pressed endothelial cell markers (e.g., PECAM-1 and CCL21)
more abundantly (Vondenhoff et al., 2008) (Figure 5A). To deter-
mine whether E18.5 YFP+ progenitors include cells that can be
classified as LTo also based on their capacity to support lympho-
cyte survival via IL-7, we cultured sorted (E18.5) primary YFP+
cells of the Nkx2-5+Islet1+ lineage together with naive CD4
T cells. The results indicated that YFP+ mesenchymal cells sup-
port the survival of naive CD4 T cells very efficiently, though this
effect was not mediated exclusively by IL-7 (Figure S3A) and
suggested that under these conditions, the embryonic splenic
mesenchyme secretes other factors that compensate IL-7
depletion in promoting lymphocyte survival.
We next exploited a model of artificial lymphoid organ forma-
tion (Suematsu and Watanabe, 2004) by using Nkx2-5+ embry-
onic spleen mesenchymal cells as a source of stromal progeni-
tors. Sorted E18.5 CD45YFP+ cells were embedded into a
biocompatible collagenous scaffold that was subsequently
transplanted under the kidney capsule of WT mice (Figure 5B).
Three weeks after transplantation scaffolds were harvested
and analysis of their composition revealed juxtaposed T and B91, April 18, 2013 ª2013 Elsevier Inc. 785
Figure 4. Nkx2-5+ and Islet1+ Lineages Give Rise to Mural Cells
Representative confocal images of Nkx2-5Cre/+;RosaYFP and Islet1Cre/+;
RosaYFP adult spleen sections stained for YFP (green), PECAM-1 (red in A; B,
left panel), aSMA (red in A; B, middle panel), and NG2 (red in A; B, right
panel) to show the contribution of Nkx2-5+ and Islet1+ lineage-traced cells to
endothelial (arrowheads) and mural cells (arrows) of the central arteriole (CA).
Magnification areas are from insets. Nuclei are visualized by DAPI staining
(blue). Scale bars represent 100 mm for low and 35 mm for high magnifications.
Data are representative of three mice analyzed for each lineage.
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Nkx2-5+Islet1+ Progenitors for Spleen Stromal Cellscell clusters resembling normal lymphoid architecture (Fig-
ure 5C). In addition, we found that the relative number of CD4+
and CD8+ T cell subsets were similar (data not shown) and
lymphoid clusters were vascularized, as demonstrated by
expression of the endothelial marker PECAM-1 (Figure 5C).
CD45YFP+ mesenchymal cells were distributed either inside
or immediately outside lymphoid clusters to form a stromal
network (Figure 5C). Notably, similar experiments with sorted
CD45YFP cells, as a source of stromal progenitors, produced
scaffolds containing only few and scattered T cells (Figure S3B),
indicating that cells with stromal organizer capacity were
included only in the Nkx2-5+Islet1+ lineage.
A Subset of the Nkx2-5+Islet1+ Descendents Restores
the Stromal Network Integrity after Resolution of LCMV
Infection
Because descendents of the Nkx2-5+ lineage display organizer
activity, we assessed their capacity to organize and restore the786 Immunity 38, 782–791, April 18, 2013 ª2013 Elsevier Inc.stromal integrity after resolution of an acute LCMV infection
(Iannacone et al., 2008). By using this model, others have shown
that LCMV-infected FRCs are killed by LCMV-specific CD8+
T cells within 8 days of infection, resulting in the collapse of the
splenic stromal network (Mueller et al., 2007; Scandella et al.,
2008). The network is restored in about 4 weeks after infection
(e.g., approximately 2 weeks after viral clearance has occurred),
although the nature of the stromal cells involved in this process
remains unknown. First, adult Nkx2-5Cre/+;RosaYFP mice were
infected with LCMV and their spleens analyzed 4 days after
infection, a time at which viremia is maximal (Iannacone et al.,
2008; Mueller et al., 2007) (Figure S4A). At this stage, YFP+ cells
staining positive for the LCMV nucleoprotein (visualized by VL4
antibody) were observed in T and B cell areas and in themarginal
zone (Figure S4B, arrowheads). Conversely, YFP+ perivascular
cells, including NG2+ pericytes surrounding the central arteriole,
stained negative for the LCMV nucleoprotein (Figure S4B,
arrows), indicating that the virus did not target these cells.
At day 8 after LCMV infection, the YFP+ FRC stromal network,
adjacent to the B cell follicle, was highly disorganized as
indicated by reduced expression of the FRC-associated extra-
cellular matrix component laminin (Sixt et al., 2005) and by the
number of YFP+ stromal cells surrounding the central arteriole
that were much reduced when compared to uninfected controls
(Figure 6, arrowheads). At this stage, the lymphoid compartment
was also disorganized as revealed by loss of T cell areas (Fig-
ure S4C). The same analysis performed 40 days after infection
revealed that the expression of laminin and the distribution of
YFP+ in the FRC area surrounding the central arteriole was
comparable to that of uninfected control mice, and this was
accompanied by restoration of the T cell zones (Figure 6, arrow-
heads; Figure S4C), thus indicating that a subset of YFP+ cells of
the Nkx2-5+Islet1+ lineage contribute to rebuild the integrity of
the stromal network after resolution of LCMV infection.
To assess whether stromal regeneration occurred via expan-
sion of YFP+ descendents, LCMV-infectedNkx2-5Cre/+;RosaYFP
mice were administered with a bolus of EdU (5-ethynyl-20-
deoxyuridine) on day 20 postinfection (a time point at which
restoration of the splenic stromal network is operative) (Scan-
della et al., 2008) and their spleen analyzed 16 hr later for the
presence of proliferating cells. Immunofluorescence analysis
revealed a significant increase of EdU+ YFP+ proliferating cells
in LCMV-infected mice as compared to uninfected controls
(Figure 7A). To establish whether these YFP+ cells were derived
from resident cells or from Nkx2-5-expressing cells that have
migrated into the spleen from the periphery, we transplanted
E16.5 WT spleens under the kidney capsule of Nkx2-5Cre/+;
RosaYFP reporter mice (Figure 7B). Five weeks after transplanta-
tion, mice were infected with LCMV and transplanted spleens
analyzed for the presence of YFP+ cells 4 weeks thereafter. To
confirm that transplanted spleens had been infected, we
analyzed spleen architecture 10 days after LCMV and found
largely disorganized lymphoid compartments (data not shown),
indicating that the virus indeed reached the transplant. Analysis
performed on transplanted spleens on day 28, a time when the
stromal network has been largely restored (Scandella et al.,
2008), revealed organized lymphoid compartments and absence
of YFP+ stromal networks in these WT heterotypic explants
into Nkx2-5Cre/+;RosaYFP mice (Figure 7B), indicating that
Figure 5. Lymphoid Tissue Organizer Cells
Are Included in Nkx2-5+Islet1+ Descendents
(A) Expression of LTo associated markers by
sorted embryonic (E18.5) CD45YFP+ and
CD45YFP mesenchymal cells. Values are pre-
sented as the ratio of the gene of interest to Rpl13
housekeeping gene and expressed as relative
mRNA expression. Data are represented as
mean ± SEM, and differences were considered
statistically significant at p < 0.05.
(B) Scheme for generating artificial lymphoid-like
structures. Sorted CD45YFP+ and CD45YFP
cells from embryonic (E18.5) Nkx2-5Cre/+;
RosaYFP spleens were embedded in a collage-
nous scaffold and transplanted under the kidney
capsule of WT mice.
(C) Representative confocal images of scaffolds
harvested 3 weeks after transplantation and
stained for CD3, B220, PECAM-1, and YFP.
Lymphoid clusters are indicated with dashed cir-
cles. Nuclei are visualized by DAPI staining (blue).
Scale bars indicate 100 mm. Data are representa-
tive of four transplanted mice. See also Figure S3.
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Nkx2-5+Islet1+ Progenitors for Spleen Stromal Cellsrestoration of stromal integrity was mediated by a fraction of
resident proliferating Nkx2-5+Islet1+ descendents and not by
cells that migrated into the organ.
DISCUSSION
We show here that adult spleen stromal cells are developmen-
tally related to newly specified spleen mesenchymal cells of
the SMP that, in addition to Nkx2-5, expressed the homeodo-
main transcription factor Islet1, a previously unknown marker
for spleen mesenchymal cells. Whereas Nkx2-5 expression in
mesenchymal cells was maintained throughout development,
Islet1 expression was transiently regulated and lost in mesen-
chymal cells of the newly formed splenic anlage. A similar
temporal relationship is seen for Islet1 and Nkx2-5 in heartImmunity 38, 782–7development (Cai et al., 2003; Laugwitz
et al., 2008; Sun et al., 2007). Taking
advantage of Islet1 transient expression
in Nkx2-5+ spleen progenitor cells,
we performed recombinase-based fate
mapping under the control of two inde-
pendent Cre driver mouse lines to identify
the contribution of Nkx2-5+Islet1+
mesenchymal descendents of the SPM
to the adult stromal cell pool. Our immu-
nofluorescence and quantification ana-
lyses showed that both Nkx2-5+ and
Islet1+ lineages generate all spleen stro-
mal cell subsets, namely FRCs, MRCs,
FDCs, and mural cells, indicating that
they represent a common mesenchymal
lineage for adult stromal cells. Also, the
finding that Nkx2-5 did not contribute to
stromal cells of mesenteric lymph node
and Peyer’s patches (data not shown) in-
dicates that this mesenchymal lineageapplies specifically to the spleen. These lineage-tracing experi-
ments, however, while suggesting an embryonic origin for the
different stromal cell subsets, do not exclude the possibility
that cells expressing Cre in other locations (e.g., blood), and
migrating into the spleen postnatally, contributed to specific
stromal cell subsets. To address these questions, we trans-
planted embryonic (E16.5) Nkx2-5Cre/+;RosaYFP or Islet1Cre/+;
RosaYFP spleens into WT recipients and found that gp38+
(FRCs), CXCL13+ (MRCs), CD35+ (FDCs) cells coexpressed
YFP, indicating they originated from resident embryonic Nkx2-5+
Islet1+ descendents. Although these transplantation experi-
ments did not exclude the possibility that Nkx2-5+Islet1+ cells
migrated to the embryonic spleen from other organs (e.g., fetal
liver) prior to transplantation (E16.5), (1) the transient expression
of Islet1 in Nkx2-5+ spleen mesenchymal cells of the SMP at91, April 18, 2013 ª2013 Elsevier Inc. 787
Figure 6. A Subset of Nkx2-5+Islet1+ Descendents Regenerates the
Stromal Network after Resolution of Viral Infection
Representative confocal images of spleen sections from Nkx2-5Cre/+;
RosaYFP mice injected with PBS (Ctrl) or with 200 plaque forming unit of
LCMV WE (LCMV) and stained for YFP (green) as a marker for lineage-traced
cells, laminin (red) to visualized the FRC-associated ECM network, and B220
(blue) to detect B cell follicles. Arrowheads indicate YFP+ perivascular cells
surrounding central arteriole indicated by arrows (CA). Scale bars represent
100 mm for low and 35 mm for high magnifications. Data are representative of
four different experiments with two mice each group. See also Figure S4.
Figure 7. Restoration of Stromal Network Integrity Occurs via
Expansion of Resident Nkx2-5+Islet1+ Descendents
(A) Percentage of proliferating YFP+ cells in LCMV infected and control mice.
Assessment of 12 high-power fields per spleen from 3 mice analyzed for each
group. Data are repented as mean ± SEM. Representative confocal images
of spleen sections from Nkx2-5Cre/+;RosaYFP mice 20 days after LCMV
infection and stained for EdU (green) to visualize proliferating cells and YFP
(red) to detect Nkx2-5+Islet1+ stromal descendents. Arrows indicate YFP+
proliferating stromal cells in FRC and MRC areas of infected spleens.
(B) Scheme of embryonic spleen transplantation under the kidney capsule
of Nkx2-5Cre/+;RosaYFP mice. Representative confocal images of trans-
planted spleen sections from infected (LCMV) or control (PBS) mice stained for
CD3 (red) to visualized T cell areas and YFP (green) to detect lineage-traced
stromal cells. Nuclei are visualized by DAPI staining (blue). Scale bar repre-
sents 75 mmmagnification. Data are representative of three mice analyzed for
each group.
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the splenic anlage prior to transplantation, and (3) the findings
that Nkx2-5 did not contribute to hematopoietic cells argue
against this hypothesis and strongly support the conclusion
that Nkx2-5+Islet1+ mesenchymal descendents of the nascent
splenic anlage were the main source of mature stromal cells.
The conclusion that FDCs originate from mesenchymal pre-
cursors is further supported by recent findings showing that
PDGFRb+ perivascular cells of stromal origin are the source of
FDCs (Krautler et al., 2012). Although a dual-fluorescence re-
porter allele will be required to unequivocally demonstrate that
spleen stromal cells arise from a double-positive progenitor,
the finding that coexpression of Nkx2-5 and Islet1 was restricted
to newly specified spleen mesenchymal progenitors of the
SPM—together with the demonstration that Islet1 and Nkx2-5
are also coexpressed in multipotent mesodermal progenitors
contributing to several cardiac lineages at a clonal level
(Laugwitz et al., 2008; Moretti et al., 2006)—provide strong
circumstantial evidence that spleen stromal cells do arise from
multipotent mesenchymal precursors.
Previous studies showed that the differentiating splenic
mesenchyme consists of LTo and endothelial cells that have
been characterized based on the expression of phenotypic
markers (Vondenhoff et al., 2008). The finding that E18.5-sorted
CD45YFP+ mesenchymal cells of the Nkx2-5+Islet1+ lineage
displayed higher levels of LTo cell markers (e.g., LTbR,
VCAM-1, CXCL13, and IL-7) compared to CD45YFP cells
that, conversely, expressed endothelial cell markers (e.g.,
PECAM-1), suggested that the Nkx2-5+Islet1+ lineage also
included LTo cells. Although sorted E18.5 YFP+ mesenchymal
cells efficiently supported the survival of naive lymphocytes,
the effect was not exclusively mediated by IL-7. These findings788 Immunity 38, 782–791, April 18, 2013 ª2013 Elsevier Inc.indicate that, even though embryonic spleen mesenchymal cells
of the Nkx2-5+Islet1+ lineage express IL-7, other factors
compensated for IL-7 depletion at promoting lymphocyte sur-
vival. The result that FRCs, MRCs, FDCs, andmural cells derived
from the Nkx2-5+Islet1+ mesenchymal lineage when Nkx2-
5Cre/+;RosaYFP or Islet1Cre/+;RosaYFP embryonic spleens were
transplanted under the kidney capsule of WT mice further sup-
port the hypothesis that LTo cells are the embryonic precursors
of adult stromal cells (Koning and Mebius, 2012). By definition,
LTo cells should be capable of organizing the formation of
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model of artificial lymphoid organ formation (Suematsu and
Watanabe, 2004). We found that only E18.5-sorted mesen-
chymal cells of the Nkx2-5+Islet1+ lineage promoted the devel-
opment of ectopic lymphoid microenvironments characterized
by T and B cell clusters and YFP+ stromal cell networks, thus
confirming that the Nkx2-5+Islet1+ lineage possessed organizer
activity. However, contrary to whole embryonic spleen trans-
plants, YFP+ stromal cells present in the ectopic lymphoid clus-
ters did not express FRC, MRC, and FDC markers, suggesting
that signals needed for their maturation were lost when cells
were disaggregated, sorted, and embedded into the biocompat-
ible scaffold. Nevertheless, the LTo-like gene expression profile
of the sorted CD45YFP+ cells, their ex vivo capacity to support
the formation of lymphoid compartments, together with their
in vivo potential (E16.5 transplanted spleens) to generate
FRCs, MRCs, FDCs, and mural cells, strongly indicates that
the Nkx2-5+Islet1+ lineage includes a fraction of cells classified
as stromal organizer cells.
Because no adult stromal lineage had been formerly docu-
mented to function as organizer of stromal compartments, we
also sought to test whether the Nkx2-5+Islet1+ descendents
are capable of regenerating the stromal integrity after LCMV
infection. Notably, remodeling and organization of the stromal
network after resolution of an acute LCMV infection was shown
to depend, at least in part, on the presence of lymphoid tissue
inducer (LTi) cells (Eberl et al., 2004; Scandella et al., 2008;
Withers et al., 2007); however, the origin of the mesenchymal
cells that contributed to reestablish stromal network integrity
has not been investigated. Consistent with being a lineage that
includes LTo cells, we found that Nkx2-5+Islet1+ descendents
participate in rebuilding the FRC stromal network after LCMV
infection. Our transplantation experiments also indicated that
regeneration of the stromal network depended on the expansion
of resident Nkx2-5+Islet1+ descendents, possibly possessing
mesenchymal stem cell-like activity and did not involvemigration
of Nkx2-5+ stromal precursors from the periphery. Altogether,
these findings strongly support the conclusion that stromal cells
that are included in the Nkx2-5+Islet1+ lineage function as orga-
nizer cells during tissue repair and remodeling. This scenario is in
line with recent findings that describe a population of heart-resi-
dent mesenchymal stem-like cells with a developmental origin
and long-term persistence in vivo (Chong et al., 2011). Although
the nature of the cells that participate in the regeneration of the
spleen stromal network is still unclear, we observed that splenic
YFP+ perivascular cells (e.g., pericytes), recently suggested to
function as mesenchymal stem cells (Crisan et al., 2008; Della-
valle et al., 2011; Feng et al., 2011), were not targeted by
LCMV, thus raising the interesting possibility that this cell type
serves as a reservoir of local stromal progenitors during tissue
regeneration. Notably, the recent finding that mature FDCs arise
from PDGFRb+ perivascular cells and that ablation of the latter
population causes loss of FDC+ networks and profound disorga-
nization of the T cell stromal network strongly indicate a role
for perivascular cells in tissue development and remodeling
(Krautler et al., 2012).
These studies demonstrated that the embryonic splenic
mesenchyme is the source of virtually all stromal cell subsets.
Based on these findings, we propose amodel for spleen stroma-genesis in which the expression of Nkx2-5 and Islet1 marks
newly specified spleen mesenchymal progenitors that differen-
tiate into intermediate cellular elements capable to generate
FDCs, FRCs, MRCs, and perivascular cells. Our results begin
to define the cellular mechanisms responsible for generating




Nkx2-5Cre/+, Islet1Cre/+, and R26R-EYFP (Srinivas et al., 2001; Stanley et al.,
2002; Yang et al., 2006) mice have been previously described. Mice were
bred and maintained at San Raffaele Scientific Institute and The Scripps
Research Institute in pathogen-free rooms under barrier conditions, and all
experiments were performed according to local ethics committee regulations.
For the generation of chimeras, Islet1Cre/+;RosaYFP mice were irradiated
with two 4.5 Gy cycles from a cesium source and reconstituted with 1 3 107
C57BL/6 total bone marrow cells. Detection of vaginal plug was designated
as E0.5.
Immunofluorescence Staining
Spleens and kidney containing scaffolds were harvested and fixed for 50 PFA
4% (Sigma), washed in phosphate buffer saline, and dehydrated overnight in
30% sucrose (Sigma). Embryos were fixed in 200 PFA 4% (Sigma), washed in
phosphate buffer saline, and dehydrated overnight in 30% sucrose (Sigma).
Samples were embedded in Tissue-Tek OCT compound (Bio-Optica) and
frozen in ethanol dry ice bath. We placed 7 mm thick sections onto glass
slides (Bio-Optica), fixed them in cold acetone for 10 min, dried them, and
kept them at 80C until used. Slides were incubated for 30 min with a block-
ing solution of PBS-Tween 0.05% plus 0.5% FBS. Primary antibodies and
secondary antibodies and streptavidin reagents (Table S1) were diluted in
blocking solution and incubated for 1 hr and 30 min, respectively. For mouse
antibodies, MOM blocking solution (Vector Lab) was used. Nuclei were
visualized with DAPI (Fluka) and mounting performed with Moviol
(Calbiochem). For detection of MAdCAM-1, CXCL13, and gp38 antibodies,
Tyramide Signal Amplification kit (Perkin Elmer) was used. To detect prolifer-
ating cells, we used Click-iT EdU assay (Invitrogen). To visualized conduit
system, we injected 10 kDa Dextran Alexa-546 conjugated (Molecular Probe)
intravenously (i.v.). To promote FDC networks, we immunized mice with
sheep red blood cells. Images were acquired by using Ultraview Zeiss or
Leica TCS SP2 laser confocal microscopes. Digital images were recorded
in separately scanned channels with no overlap in detection of emissions
from the respective fluorochromes. Final image processing was performed
with Adobe Illustrator and Photoshop.
Cell Isolation, Sorting, and Transplantation
E18.5 spleens fromNkx2-5+/Cre;RosaYFP embryos were isolated and digested
by using a buffer containing 0.45 mg/ml of Liberase TL (Roche) and 0.5 mg/ml
DnaseI (Roche) in PBS containing 2% fetal calf serum (FBS). Digestion was
performed under constant agitation (140 rpm) for 30min at 37C and disaggre-
gation obtained by pipetting to obtain a single-cell suspension. Cells were
washed twice in PBS 2% FBS, suspended in PBS with 5% FBS, and filtered
with on a 70 mm mesh. CD45YFP+ and CD45YFP cells were isolated by
using a fluorescence-activated cell sorter Vantage (BD) and suspended in
PBS prior to transplantation.
Protocol for generation of artificial lymphoid-like structures was previously
described (Suematsu and Watanabe, 2004). In brief, cell suspension was
placed onto collagenous matrix (CS-35; Koken) and squeezed several times
to allow cell adsorption into the scaffold. Scaffolds containing cells were
kept on ice and transplanted under one kidney capsule of anesthetized
C57BL/6 mice as previously described (Suematsu and Watanabe, 2004).
Three weeks later, scaffolds were collected, fixed, and analyzed by immuno-
fluorescence staining. Transplantation of embryonic spleens under the kidney
capsule was performed as previously described (Glanville et al., 2009). In brief,
E16.5 spleens from Nkx2-5+/Cre;RosaYFP were isolated and immediately
transplanted under the renal subcapsular space of C57BL/6mice as describedImmunity 38, 782–791, April 18, 2013 ª2013 Elsevier Inc. 789
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injection of 2 3 108 sheep red blood cells as previously described (Schnizlein
et al., 1985), and 1 week later spleens were collected, fixed, and analyzed by
immunofluorescence microscopy analysis.
Lymphocyte Survival Assay
Single cell suspension from sorted E18.5 YFP+ cells were plated in 24-well
plate at a density of 200,000 cells/well and cultured in complete RPMI 1640
medium (containing 10% FBS). After 48 hr expansion, nonadherent cells
were removed, cells were harvested and replated at a concentration of
250,000 cells per well in a 24-well plate with the addition of magnetically
purified CD4+ lymphocytes from adult LNs at a ratio of 4:1. After 4 days of
coculture with anti-IL-7Ra blocking and isotype control antibody (Biolegend),
nonadherent lymphocytes were harvested, the number of live cells was deter-
mined by Trypan blue dye exclusion, and cells were stained with anti-CD4
antibody and the viability dye To-Pro3 (Invitrogen). The percentage of surviving
cells after 4 days of culture was obtained after normalizing the total number of
viable naive CD62hi CD4+ cells with that of lymphocytes alone cultured with
recombinant IL-7 (Peprotech).
RNA Isolation and Quantitative PCR
RNAwas extracted from sorted cells by using the RNeasy Micro Kit (QIAGEN).
Reverse transcription of total RNA was performed with the ImProm-II Reverse
Transcription System Kit with random primers (Promega). qPCR were per-
formed by using Universal Probe Library system (Roche) on a LightCycler480
(Roche). TheCt of theRpl13a (housekeeping) was subtracted from theCt of the
target gene and the relative expression was calculated as 2DCt. qPCR were
performed in triplicate and mean ± SD represented as relative expression.
Primer sequences are described in Table S2. qPCR experiments were done
by using cDNA from three different cell sorting experiments.
LCMV Infection and In Vivo Proliferation
Eight-week-old Nkx2-5+/Cre;RosaYFPmice were injected i.v. with 200 plaque-
forming unit of LCMV clone WE or with phosphate saline buffer. Serum LCMV
RNA was analyzed by qPCR as described (McCausland and Crotty, 2008) by
using the following LCMV-specific primers: 5-CTCCTTTCCCAAGAGAAGAC
TAAG-3 and 5-TCCATTTGGTCAGGCAATAAC-3. At days 4, 8, or 40 after
LCMV infection, mice were sacrificed and their spleens were collected, fixed
5 min in 4% PFA (Sigma), washed in PBS, and dehydrated overnight in 30%
sucrose (Sigma) prior to embedding. To assess proliferation, we injected
1 mg/mouse of 5-ethynyl-20-deoxyuridine (EdU) intraperitoneum in PBS and
evaluated 16 hr later according to manufacture instructions (Invitrogen). Prolif-
eration was measured by counting the number of EdU+ YFP+ cells over the
total EdU+ cells from 12 high magnification fields. Three mice for each group
were analyzed.
Statistical Analysis
Statistical analysis was performed with Prism (GraphPad Software 5a) and
values are expressed as mean ± SD. Means between two groups were
compared by using a two-tailed t test. Differences were considered statisti-
cally significant at p < 0.05.
SUPPLEMENTAL INFORMATION
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